Introduction
For the first time, the capacitive deionization (CDI) of water with a stack af carbon aerogel electrodes has been successfully demonstrated. An aqueous solution of NaCl or NaNO3 was passed through a series of electrochemical cells, each constructed fiom a stack of carbon aerogel electrodes having exceptionally high specific surface areas (400-1000 m2/gm). After polarization, non-reducible and non-oxidizable ions were removed fiom the electrolyte by the imposed electric field and held in electric double layers formed at the surfaces of electrodes (Fig. 1) . As desired, the effluent fiom the cell was purified water. This process is also capable of simultaneously removing a variety of other impurities. For example, dissolved heavy metals and suspended cdlloids can be removed by electrodeposition and electrophoresis, respectively. CDI has several potential advantages over other more conventional technologies. Unlike ion exchange, no acids, bases, or salt solutions are required for regeneration of the system. Regeneration is accomplished by electrically discharging the cells. Therefore, no secondary waste is generated. In contrast to thermal processes such as evaporation, CDI is inherently energy efficient. Since no membranes or high pressure pumps are required, CDI offers operational advantages over electrodialysis and reverse osmosis (RO).
Background
Several publications and patents have appeared that discuss the use of porous electrodes for the recovery of heavy metals fiom aqueous solutions [l-81. In these cases, metallic ions are electrodeposited on the surfaces of cathodes with relatively low specific surface areas. Since deposits can be several atomic layers thick, high specific surface areas are not required. Reticulated vitreous carbon (RVC) foam has been found to be adequate for such applications.
The first studies published on capacitive deionization appeared around 1966. Caudle et al. used porous flow-through electrodes made of activated carbon powder to desalinate water [9, 10] . Johnson et al. conducted similar studies of reversible electrosorption, or capacitive deionization, and published their work in 1970 [ 11-13] . Their experimental program included verification of the theoretical basis for the process, parametric studies, and evaluation of a variety of candidate electrode materials. Johnson's work prompted Newman to develop a comprehensive theoretical model for the capacitive charging of porous carbon electrodes [ 141. Unfortunately, Johnson's experimental program fded to demonstrate degradation-free electrode performance and CDI was eventually abandoned, However, preliminary cost studies did indicate that an efficient, lowcost desalination plant based upon this technology could be built if adequate durability of the electrodes could be achieved. Since this work was conducted decades before the invention of carbon aerogel electrodes, such materials were not included in the study. Several years later, work on CDI was done in Israel and published in 1983 [ 15-171. They used a CDI system similar to that described by Johnson et al. for the removal of NaCl from water. A column was built from two separated beds of activated carbon, one serving as the anode and the other serving as the cathode. Concentration ratios as high as 1/100 were attained between the top and the bottom of the column. They also developed a theoretical model to predict process performance.
Previous CDI systems used flow-through beds of activated carbon as electrodes. The beds were separated by an appropriate membrane separator. Raw water was flown along the axial direction of the carbon beds. Several important practical problems are inherent in such cells. First and foremost, activated carbon has a relatively low specific surface area. Since the carbon powder cannot be immobilized, beds must be physically separated by porous membranes. Even so, carbon particles and fines, smaller particles generated by erosion of the primary particles, can become entrained in the flow, thereby depleting the bed. Furthermore, axial flow through such packed beds results in significant pressure drop. Since these carbon electrodes are quite thick, a large potential drop also develops, thereby lowering process efficiency. Even though adjacent carbon particles may touch, intimate electrical contact may not exist. Consequently, a significant electrical resistance may develop.
Numerous supercapacitors based on various porous carbon electrodes, including carbon aerogel electrodes, have been developed for energy storage applications [18] [19] [20] [21] [22] [23] . However, none of these devices were designed to permit electrolyte flow and most required membranes to physically separate the electrodes. A double-layer capacitor with a porous activated carbon electrode was developed by Nippon Electric Company of Japan [ 181. An electrically conductive layer of activated carbon powder dispersed in butyl rubber, butadiene rubber, polyisoprene, or their copolymers and derivatives was coated onto one side of a current collector. High performance electrodes for double-layer capacitors based on activated carbon fibers were developed by Matsushita Electric Industrial Company [ 193. NEC Corporation also developed activated carboncarbon composite electrodes for a double-layer capacitor [20] . Electrodes made of carbonized foamed phenol resin were developed by Mitsui Petrochem [21] . A wide variety of microcellular carbon foams for application in double-layer capacitors were prepared and evaluated by Sandia National Laboratory [22] . These materials were prepared by the controlled pyrolysis and carbonization of several polymers including polyacrylonitrile, polymethacrylonitrile, resorcinolformaldehyde, divinylbenzene-methacrylonitrile, furfuryl-alcohol, and cellulose polymers such as Rayon. The porosities of these microcellular carbon foams were established by a variety of techniques including gelation, phase separation, emulsion, aerogel-xerogel formation, and replication. An electrolytic double-layer capacitor for energy storage based carbon aerogel electrodes was also developed by Lawrence Livermore National Laboratory [23] . The carbon aerogel electrodes used in this device had very high specific surface areas, ranging fiom 100 to 700 m2/cm3 and relatively low corresponding bulk densities, ranging fiom 0.3 to 1.0 g/cm3.
These characteristics made it possible to construct a device with a very high energy density. The electrical continuity of the material permits stored energy to be released rapidly, resulting in a relatively high power density (-7.5 kW/kg). Other electrode materials have been developed for electrolytic cells, such as composites of activated carbon powder and an appropriate polymeric binder [24] . Even though these materials are made from activated carbon powders with very high specific surface areas (600 m2/gm), much of the surface is occluded by the binder. Consequently, they do not have specific surface areas as great as carbon aerogel.
This paper discusses the capacitive deionization (CDI) of aqueous solutions with carbon aerogel electrodes. Some specific advantages of CDI with monolithic carbon aerogel electrodes include enhanced electrosorption capacity due to the immense specific surface area and complete immobilization of the porous carbon matrix. Since the specific surface area of carbon aerogel is significantly greater than that of activated carbon powder, a greater quantity of salt can be electrosorbed on carbon aerogel than on a comparable mass of activated carbon powder. Immobilization has made it possible to construct systems that do not require porous membrane separators. Unlike activated carbon powder, monolithic sheets of carbon aerogel are not entrained in the flowing fluid stream. The electrolyte flows in a channel between adjacent anodes and cathodes and does not experience the high pressure drop associated with flow through packed beds. Finally, less potential drop occurs in a thin sheet of carbon aerogel than in a relatively deep bed of activated carbon. Consequently, more ions can be electrosorbed on a unit of carbon aerogel surface area than on a comparable unit of activated carbon surface area. In deep packed beds of carbon, the potential can drop to levels where the electrosorption process is not very effective.
There are several important potential applications for CDI with carbon aerogel electrodes. Ion exchange is now used as a means for removing anions and cations, including heavy metals and radioisotopes, fiom process and waste water in various industries. This process generates large volumes of corrosive secondary wastes that must be treated for disposal through regeneration processes. After ion exchange columns are saturated, resins must be regenerated by pumping relatively concentrated solutions of acids, bases, or salts through the columns. These solutions become contaminated with ions removed fiom the resins and become part of a large inventory of secondary waste. Eventually, the resins also become part of the inventory of secondary waste. During plutonium processing, resins and solutions of H N 0 3 become contaminated with P u O p and other radioisotopes. In this case, every kilogram of cation exchange resin requires approximately 100 kilograms of 10 wt. % HNO3 and 2 to 3 kilograms of rinse water for regeneration. Similarly, every kilogram of used anion exchange resin requires approximately 100 kilograms of 10 wt. % NaOH and 2 to 3 kilograms of rinse water for regeneration. Given the high and increasing cost of disposal of secondary wastes in mined geological repositories, there is tremendous and still ufilfilled need for reducing, and in certain applications, eliminating the volume of secondary wastes.
CDI could also be used to remove inorganic ions fiom boiler water for fossil and nuclear power plants. A variety of dissolved inorganic ions have to be removed to prevent scaling of heat exchanger surfaces and to prevent failure due to pitting and stress corrosion cracking. CDI could also be used to remove radioactive ions firom the contaminated waste water of nuclear power plants before discharge. Deionizers based on columns of zeolite, silica gel, and ion exchange resins were evaluated for the removal 13'Cs, ?3r, and '=Sb fiom contaminated water at the Three Mile Island Nuclear Power Station Unit No. 2 [25] . As previously discussed, ion exchange columns require chemical regeneration and thereby produce large volumes of radioactive secondary waste. Eventually, the contaminated columns also become waste. Since CDI uses electrical regeneration, it seems ideal for such applications.
Experimental
Conceptually, the CDI process is very simple. After application of a voltage between two adjacent carbon aerogel electrodes, cations and anions are drawn towards the cathode and anode, respectively, as illustrated by Fig. 1 . These ions are held in the electric double layers formed at the extensive surface of the carbon aerogel electrodes until the voltage is reduced. A photograph of an actual electrode is shown in Fig. 2a . This double-sided electrode was made by gluing two sheets of a carbon aerogel composite (CAC) to both sides of a titanium plate that serves as both a current collector and a structural support for the CAC. Conductive silver epoxy was used for gluing. CAC has an exeptionally high specific surface area of 600-800 m2/gm. Each sheet of CAC is 6.86 cm x 6.86 cm x 0.0125 cm and has a total active surface of approximately 2 . 8~1 0~ cm2. Two orifices are located along one side of the carbon aerogel electrode and admit water to the electrode gap. A pattern of holes are located around the perimeter of the titanium plate and accommodate 12 threaded rods that hold the cell stack together. The second photograph, Fig. 2b , shows a lower stainless steel header with a rubber gasket and 12 threaded rods; an array of electrodes, gaskets, and spacers; and an upper stainless steel header. The assembly of these components into a stack is illustrated in the third photograph, Fig. 2c . Even electrodes sewe as cathodes while odd electrodes serve as anodes. The electrodes and headers are aligned by the threaded rods. An electrode separation of 0.05 cm is maintained by cylindrical nylon spacers concentric with the threaded rods and a rubber compression seal. Since the orifices in each electrode alternate fiom one side of the stack to the other, the flow path through the stack is serpentine. The four assembled electrochemical cells visible in Fig. 3 include 192 pairs of carbon aerogel electrodes and have a total active cathodic (or anodic) surface area of approximately
. 1~0~
cm2. Flow through the cell is generated by a programmable, magnetically-coupled, screw pump with a 304 stainless steel head. The maximum flow rate that can be achieved with this pump is 3.5 Wmin. The differential pressure across a single stack (48 electrodes) is approximately 5 psi at a flow rate of 1.7 Wmin. In contrast, the differential pressure across four stacks in series As previously discussed, electrodes are made from thin sheets of CAC glued to titanium plates with conductive epoxy. Carbon aerogels were developed at Lawrence Livermore National Laboratory and are synthesized by the polycondensation of resorcinol and formaldehyde in a slightly basic medium, followed by supercritical dryins and pyrolysis in an inert atmosphere [26, 27] . Sheets of CAC are made by impregnating carbon cloth with the resorcinol-formaldehyde solution and then carbonizing. This fabrication process results in unique open-cell carbon foams that have high porosities, high specific surface areas (400-1000 m2/g), ultrafine cell and pore sizes (5 50 nm), and a solid matrix composed of interconnected colloidal-like particles or fibrous chains with characteristic diameters of 10 nm. The porosity and surface area of aerogels can be controlled over a broad range, while the pore size and particle size can be tailored at the nanometer scale.
Initial parametric studies were performed with solutions of NaCl and NaNO3 in water. In each case, experiments were performed over a broad range of solution conductivity and cell voltage. Conductivities ranged fiom 7.5 to 100 pmho/cm and voltage levels were 0.0,0.4,0.6, 0.7, 0.8, 
Results
Tests demonstrated that CDI with carbon aerogel can effectively remove both NaCl and NaNO3 from water. Deionization was accomplished during charging, while regeneration was accomplished during discharge. The concentration and conductivity of a sodium chloride solution was cycled up and down numerous times by charging and discharging the stack. The ability of the CAC electrodes to remove ions fiom water, e.g., the electrosorption capacity, had a strong dependence on cell voltage. The best results were achieved at 1.2 V, with relatively poor performance below 0.4 V. No severe irreversible degradation in performance was observed after cycling the stacks several months. During experiments without recycle, a characteristic breakthrough time was observed for each salt, which is indicative of ionic selectivity.
Voltage, current, and solution conductivity data showing the periodic charging and discharging of a stack of 48 pairs of carbon aerogel electrodes during a batch-mode experiment are shown in Fig.  5 . The electrolyte was a solution ofNaCl in water and had an initial conductivity of 7.5 pmhos/cm (7.5 ppm). Note that NaCl concentration is measured as conductivity and that 1 pmho/cm corresponds to approximately 1 ppm. The amplitude of the applied voltage pulse was 1 .O V, the volume of electrolyte was 1 .O L, and the flow rate through the stack of electrodes was 1.0 Wmin. From this data, it is clear that the concentration of NaCl drops when the electrodes are polarized. M e r 17.5 minutes of deionization, beginning at 2.5 minutes, the concentration of the NaCl solution dropped to approximately 1 pmho/cm, a reduction of solution conductivity and NaCl concentration of approximately 85%. The salt was placed back into solution by discharging the cell at 20 minutes. The regeneration was 90% complete after 10 minutes. The process was repeated reversibly for several hundred cycles. The fhilure of the current to decay to asymptotically to zero is believed to have been due to parasitic electrochemical reactions such as oxygen reduction. Unfortunately, the electrolyte in this experiment was not deaerated. There may also have been current leakage across the gaskets and spacers.
Experiments were conducted with a solution of NaCl in water that had an initial conductivity slightly greater than 100 pmho/cm (approximately 100 ppm). A stack of 192 pairs of carbon aerogel electrodes was used. During batch-mode experiments with complete recycle, the amplitude of the applied voltage pulse was 1.0 V, the volume of electrolyte was 4.0 L, and the flow rate through the stack of electrodes was 1 .O I,/&. Voltage, current, and solution conductivity transients during one charge-discharge cycle of such an experiment are shown in Fig.  6 . Cations and anions were held in the electric double layers formed at the extensive surfaces of the carbon aerogel cathodes and anodes during charging and released back into the electrolyte during discharge. Consequently, the salt concentration dropped during charging and increased during discharge. As expected, the outlet conductivity dropped more quickly than the inlet conductivity during deionization (charging), Similarly, the outlet concentration increased more quickly than the inlet conductivity during regeneration (discharge). Here too the failure of the current to decay to zero is attributed to parasitic electrochemical reactions or current leakage across gaskets and spacers. Transients in solution conductivity during batch-mode experiments with NaCl at four different applied voltages, 0.6, 0.8, 1 .O, and 1.2 V are shown in Fig. 7 . As expected, the greater the cell voltage, the greater the extent of deionization. The process was very effective at 1.2 V, with much poorer performance at 0.6 V. The electrosorption capacity of the carbon aerogel electrodes decreased as the cell voltage was lowered. The oscillations in the outlet conductivity during discharge are real and are believed to be due to concentration feedback effects. Note that the residence time of the loop is only 4 minutes, about the same as the period of the oscillation. A transient in solution conductivity during a single-pass experiment without recycle is shown in Fig. 8 . The amplitude of the applied voltage was 1 .O V and the flow rate was 15 d m i n . The conductivity dropped to a level below 1 pmholcm after application of a voltage of 1.2 V across adjacent electrodes, representing a 99% removal of salt from the flowing stream. After 10 hours of operation, the carbon aerogel became saturated with NaCl (hlly charged) and breakthrough was observed. The behavior is analogous to that of ion exchange columns.
Experiments were also conducted with a solution of NaNO3 in water that had an initial conductivity slightly greater than 100 pmhokm (approximately 100 ppm). Once again a stack of 192 pairs of carbon aerogel electrodes was used. During batch-mode experiments with compZete recycle, the amplitude of the applied voltage pulse was 1 .O V, the volume of electrolyte was 4.0 L, and the flow rate through the stack of electrodes was 1 .O Wmin. Voltage, current, and solution conductivity transients during one charge-discharge cycle are shown in Fig. 9 . A transient in solution conductivity during batch-mode experiments with four different applied voltages, 0.6, 0.8, 1 .O, and 1.2 V are shown in Fig. 10 . It appears that slightly less NaN03 is removed at the given voltages than in similar experiments with NaC1. Another transient in solution conductivity during a single-pass experiment without recycle is shown in Fig. 1 1. The amplitude of the applied voltage was 1 .O V and the flow rate was 15 d m i n . As in the case with NaCl, the conductivity dropped to a level below 1 pmho/cm after application of a voltage of 1.2 V across adjacent electrodes, once again representing a 99% removal of salt fiom the flowing stream. M e r 6 hours of operation, the carbon aerogel became saturated with NaN03 (fully charged) and breakthrough was observed. The carbon aerogel electrodes seems to have slightly less capacity for NaNO3 than for NaCl.
Discussion
Iffiilly developed, CDI with carbon aerogel electrodes could have several important applications.
As previously discussed, this technology could be used for the removal of various ions from waste water without the generation of acid and base secondary wastes. This may be especially important in cases involving radionuclides. At the present time, the United States Department of Energy has an inventory of approximately one billion liters of NaN03 solution contaminated with Cs, %, and other radioactive materials. This technology could also be used for the treatment of boiler water for nuclear and fossil-f3ed power plants. Such water is now treated with ion exchange to remove ionic con taminants such as Mg+2, Ca"2, Cu", and CT. Elimination of these impurities is essential for the prevention of pitting, stress corrosion cracking, and scaling of heat transfer surfaces. CDI could be used to replace ion exchange systems used for the production of high-purity water for semiconductor processing. In addition to removing conductivity without the addition of other chemical impurities, the system probably removes small suspended solids by electrophoresis. Furthermore, organic impurities will chemisorb to the carbon. A typical electroplating process involves immersing an object to be electroplated into an electrolyte which contains dissolved metals such as nickel, cadmium, zinc, copper, silver, or gold, as well as a variety of salts. After the electroplating process is completed, the plated object is rinsed to remove residual electroplating solution and associated contaminants. Consequently, the rinse water becomes contaminated, creating a major environmental problem for the metal finishing and printed circuit board industry. At the present time, ion exchange is used for the treatment of such rinse water. CDI could provide advantages here as well. It could also be used to soften home drinking water without the introduction of sodium chloride. A typical domestic water softener uses sodium chloride to regenerate a bed of ion exchange resin. Downstream of the ion exchanger, RO is used to remove the sodium chloride introduced during regeneration. A CDI system would not require salt additions for regeneration and would not have to be followed by RO. CDI would also remove heavy metal and organic contaminants from the water. The energy efficiency of such a process and the lack of troublesome membranes could make such a process a contender for desalinating sea water and treating water for irrigation in the Central Valley of California. The minimum theoretical work required by an isothermal process to separate sea water, which is essentially a 3.5 weight percent solution of NaCl in water, into a saturated brine solution and a stream of 10 ppm drinking water is calculated to be approximately 16 caVmol(4.2 W g a l ) by the authors, assuming that the NaCl obeys the Debye-Huckel activity coefficient model [28, 29] . The energy required by CDI, approximately QV/2 where Q is the stored electrical charge and V is the voltage between adjacent electrodes, is approximately eight times (8X) the theoretical minimum. If any of the stored electrical energy is reclaimed during regeneration, or electrical discharge, the energy requirement could be reduced to a level well below QV/2, and perhaps even below QV/4 provided that voltage conversion devices are employed. Of course, this assumes that parasitic electrochemical charge-transfer reactions, leakage currents, and ohmic losses are minimized to the extent possible. Such low energy requirements make this process more attractive than thermal processes and extremely competitive with the best known RO systems.
Future Work
Parametric studies should be performed with other salts, as well as acidic and basic electrolytes. Higher concenetrations should be explored. A CDI system that consists of two stacks of aerogel electrodes in parallel should be built and tested. Such a system will enable one stack to be regenerated (discharged) while the other deionizes (charges). This mode of operation, potentialswing electrosorption, is analogous to pressure-swing gas absorption. During such operation, a portion of the current produced during regeneration should be used for purification so that the overall energy efficiency of the process is improved. Chromatographic separation of ions should be attempted. Theoretically, the system should have ionic selectivity, depending upon the size, charge, and complexation of the ions being separated. This is supported by the observed difference in breakthrough times for NaCl and NaNO3. Though CT and NO; anions have the same charge, they have different sizes and degrees of complexation. These initial parametric studies have not provided sufficient data for conclusive statements about the performance of the electrodes over extended periods oftimes (years). Aging tests should be performed to determine the effects of voltage cycling on electrosorption capacity. Ultimately; the number of electrodes should be increased so that the continuous desalination of sea water can be demonstrated. In such applications, this technology may have the potential to enhance the general standard of living in areas with limited water of poor quality.
Conclusions
The capacitive deionization (CDI) of aqueous solutions of NaCl and NaN03 with carbon aerogel electrodes has been demonstrated for the first time. Cell voltages ranging from 0 to 1.2 V were investigated. The best performance (salt removal) was achieved at 1.2 V. In experiments without recycle, 99% of the salt in a 100 pmhokm feed stream was removed until saturation of the carbon aerogel electrodes was reached. This particular CDI process offers numerous potential advantages over conventional thermal and membrane processes and deserves hrther investigation. Schematic representation of the CDI of salty water with two carbon aerogel electrodes.
Figure Captions
Photograph of single carbon aerogel electrode supported on a sheet of titanium.
Photograph showing a lower stainless steel header with a rubber gasket and threaded rods; an array of electrodes, gaskets and spacers; and an upper stainless steel header.
Photograph showing the assembly of components appearing in Fig. 2b into a stack.
Photograph of system used for batch-mode demonstration of the CDI process.
Schematic of system used for batch-mode demonstration of the CDI process.
Batch-mode experiment with 7.5 pmhos/cm NaCl solution.
Batch-mode experiment with 100 pmho/cm NaCl solution.
Effect of cell voltage on the electrosorption of NaCI.
Single-pass experiment with 100 pmho/cm NaCl solution. Batch-mode experiment with 100 pmho/cm NaN03 solution.
Effect of cell voltage on the electrosorption of NaNO3. . Single-pass experiment with 100 pmhokm NaN03 solution. 
